Background and aims: Long-term exposure to air pollution increases cardiopulmonary morbidity and mortality, but it is not clear which components of air pollution are the most harmful, nor which time window of exposure is most relevant. Further studies at low exposure levels have also been called for. We analyzed two Swedish cohorts to investigate the effects of total and source-specific particulate matter (PM) on incident cardiovascular disease for different time windows of exposure. Methods: Two cohorts initially recruited to study predictors of cardiovascular disease (the PPS cohort and the GOT-MONICA cohort) were followed from 1990 to 2011. We collected data on residential addresses and assigned each individual yearly total and source-specific PM and Nitrogen Oxides (NO x ) exposures based on dispersion models. Using multivariable Cox regression models with time-dependent exposure, we studied the association between three different time windows (lag 0, lag 1-5, and exposure at study start) of residential PM and NO x exposure, and incidence of ischemic heart disease, stroke, heart failure and atrial fibrillation. Results and discussion: During the study period, there were 2266 new-onset cases of ischemic heart disease, 1391 of stroke, 925 of heart failure and 1712 of atrial fibrillation. The majority of cases were in the PPS cohort, where participants were older. Exposure levels during the study period were moderate (median: 13 μg/m 3 for PM 10 and 9 μg/m 3 for PM 2.5 ), and similar in both cohorts. Road traffic and residential heating were the largest local sources of PM air pollution, and long distance transportation the largest PM source in total. In the PPS cohort, there were positive associations between PM in the last five years and both ischemic heart disease (HR: of PM 2.5 , in the last five years). Effect estimates were stronger for women, non-smokers, and higher socioeconomic classes. Exposure in the last five years seemed to be more strongly associated with outcomes than other exposure time windows. Associations between source-specific PM air pollution and outcomes were mixed and generally weak. High correlations between the main pollutants limited the use of multi-pollutant models.
Introduction
Air pollution is the single largest environmental health risk, estimated to cause around 5.5 million annual premature deaths globally (Forouzanfar et al., 2015) , half a million in Europe (EEA, 2014; WHO, 2014) , and several thousand in Sweden (Forsberg et al., 2005) . The epidemiological evidence for this association is solid, consisting of a large number of mainly US and European cohort studies (Dockery et al., 1993; Pope et al., 1995; Hoek et al., 2002; Nafstad et al., 2004; Elliott et al., 2007; Raaschou-Nielsen et al., 2012; Cesaroni G et al., 2013; Beelen et al., 2014a) . Negative health effects have been most consistently associated with particles, especially fine particles < 2.5 μm (PM 2.5 ). It is less known which types and sources of particles cause the adverse health effects, and studies of this have been called for NRC (2001) and Brook et al. (2010) .
The evidence for an association between air pollution and specific diseases is not as strong as the association with mortality. In the US, the strongest associations between particles and mortality have been those for cardiovascular diseases, particularly ischemic heart disease (Pope et al., 2004) . The European ESCAPE study found no associations between air pollution and cardiovascular mortality, except possibly PM 2.5 and cerebrovascular disease mortality (Beelen et al., 2014b) , but did find associations between air pollution and cardiovascular events (Cesaroni et al., 2014) . In a previous study of long-term residential exposure to Nitrogen oxides (NO x ) in Gothenburg, we found an association between NO x exposure and mortality but not incident myocardial infarction (Stockfelt et al., 2015) . Incident disease represents the primary cardiovascular outcome, and only a minority of events are initially fatal. In addition, case fatality also depends on age and other individual factors, and hospital registries generally have a high validity.
Individual susceptibility to the health effects of air pollution may differ, due to either biological differences or behavioral differences affecting exposure. Age, pre-existing cardiovascular disease, obesity, low socioeconomic status, and smoking, as well as both female and male sex, have been associated with increased susceptibility, but the evidence is not consistent and requires more investigation (Brook et al., 2010) . The temporal risk relationship between air pollution and cardiovascular disease also remains uncertain. Longer-term studies have generally found larger risk estimates than shorter-term studies, but the majority of these risks seem to manifest within one to two years of follow-up (Brook et al., 2010; Pope, 2007) . It is important to separate the accumulation of acute events caused by repetitive exposures from the long-term progression of chronic atherosclerosis, since the former is potentially reversible.
Exposure levels in the Nordic countries are generally low compared with many other countries, often even below current guidelines (EEA, 2012) . The dose-response relationship between air pollution and health effects has usually been found to be approximately linear, with no sign of a lower threshold (Beelen et al., 2014b; Cesaroni G et al., 2013) . The slope may even be steeper at low exposure levels (Pope et al., 2009) . If low levels of air pollution can be established to have health effects, this would motivate both lower limit values and further efforts to reduce exposure in areas with low exposure.
This study used two well-characterized cohorts recruited from the general population of Gothenburg to assess the long-term effects of air pollution on incident cardiovascular disease at the relatively low exposure levels in the Nordic environment. We examined different time windows of exposure, and different types and sources of exposure. The study was part of a national Swedish collaboration using multiple cohorts.
Study population and methods

Study population, covariates, and outcomes
The study population consisted of two cohorts recruited from the general population in Gothenburg to study predictors of cardiovascular disease: the Primary Prevention Study (PPS) cohort and the GOT-MONICA cohort. Recruitment and characteristics of the PPS cohort have been described in detail previously (Wilhelmsen et al., 1972 (Wilhelmsen et al., , 1986 Stockfelt et al., 2015) . Briefly, a random third of all men in Gothenburg born between 1915 and 1925 were invited (participation rate: 75%) and screened in 1970-73. At baseline, the participants filled out questionnaires on background data and cardiovascular risk factors, and were examined by health care professionals. The GOT-MONICA cohort is part of the MONICA project ("Multinational Monitoring of Trends and Determinants in Cardiovascular Diseases"), an international multi-cohort study of risk factors for cardiovascular diseases (Tunstall-Pedoe, 1988) . Recruitment and characteristics of the cohort have been described previously (Wilhelmsen et al., 1997) . Briefly, participants were recruited in 1985, 1990 , and 1995 via random selection from all residents in Gothenburg aged 25-64 years at the time of inclusion (participation rates: 63%, 69%, and 72%). The participants filled out questionnaires on background data and cardiovascular risk factors, and were examined by health care professionals.
In both cohorts, the medical examination included systolic and diastolic blood pressure, cholesterol levels, and height and weight, which were combined into BMI. The questionnaires included questions on smoking habits, physical activity (occupational and leisure-time), diabetes mellitus diagnosis, hypertensive medication, psychological stress, and marital status. For the PPS cohort, questionnaire data was also used to assign occupational class (in this study used as an indicator of social class) and family history of acute cardiovascular events. For the GOT-MONICA cohort, the questionnaires in 1990 and 1995 also included education level, but the questionnaire in 1985 did not, and so this covariate had to be excluded from the main covariate model. Covariate data was combined into categories (smoking class, marital status, occupational class, education level, family history of acute myocardial infarction, antihypertensive medication, persistent stress, diabetes mellitus, gender, enrollment year) or used as continuous variables (BMI, blood pressure, cholesterol levels) in the statistical analysis.
In 1990, at the start of our study period, 5850 participants in the PPS cohort and 4500 in the GOT-MONICA cohort were alive and residing within the study area. Background data and covariates for these participants are presented in Table 1 . The participants in the PPS cohort were older and were all male, while the GOT-MONICA participants were young to middle-aged and included roughly equal numbers of men and women. A greater proportion of the PPS cohort were married. Smoking, hypercholesterolemia, and hypertension were more prevalent in the PPS cohort, largely due to time trends in the population (Wilhelmsen et al., 2008) , though some of the difference could also be explained by age and gender differences, and an overestimation of blood pressure in the PPS cohort (Wilhelmsen et al., 2004) .
All participants were followed during the study period of 1 January 1990 to 31 December 2011 on the basis of their unique Swedish personal identification number. Individual addresses for each year were retrieved from Statistics Sweden, manually checked and corrected for inconsistencies such as spelling mistakes, and given geographical coordinates so that individual yearly exposures could be assigned. All individual addresses were also assigned an area-level socioeconomic variable using data from Statistics Sweden on Small Areas for Market Statistics (SAMS, Statistics Sweden, 2016) .). In the city of Gothenburg there are 836 SAMS-areas (mean and median sizes of 1 and 0.1 km 2 respectively) with an average population of about 650 persons in each. We used mean income in each area in the year 1994 to represent the economic status of each neighbourhood.
We used data on cause-specific mortality from the Swedish national register on cause of death as well as data from the Swedish national hospital discharge register, both according to versions 9 and 10 of the International Classification of Diseases (ICD). We only used the first case of each outcome (new onset) during the observation period, and censored the participant onwards. We also excluded participants with incident disease in the preceding five years, using the registries for [1985] [1986] [1987] [1988] [1989] . For incident cases of ischemic heart disease (IHD), stroke and heart failure (HF) we only used the main diagnosis for hospital admission/death, but for atrial fibrillation (AF) we also included the underlying diagnoses. Validation studies have shown high validity in the Swedish hospital discharge register for the outcomes used in this study (Ingelsson et al., 2005; Smith et al., 2010; Hammar et al., 2001; Ludvigsson et al., 2011) . The ICD codes and number of incident cases for all outcomes in both cohorts during the study period are presented in Table 1 . There was a greater number of cases during the study period in the PPS cohort than in the GOT-MONICA cohort, whereas the number of person-years was higher in the latter, mainly due to the higher age at study start in the PPS cohort.
Emissions and exposure assessment
The exposure assessment was part of a national Swedish collaboration, and will be described in more detail elsewhere (Segersson et al. , submitted for publication). High-resolution dispersion modeling was performed for the period 1990-2011 over a Gothenburg region domain (93 × 112 km). The exposure contributions of the most important source categories of particle emissions in urban settlements were simulated separately: road traffic exhaust, road traffic non-exhaust (mainly road wear), residential heating, shipping, industry, and other activities (e.g. off-road machinery, agricultural sources). Separate inventories were compiled for 1990, 2000, and 2011 using existing local and regional bottom-up inventories provided by the municipality, and then supplemented to be consistent for the whole area and time period. Since the year-to-year variations in the most important emission sectors are expected to be small, concentrations for the years in between were interpolated. Year-to-year variations in the local meteorology were considered using a ventilation factor, estimated from calculations over the whole time-period in a small part of the modeling domain.
Small-scale residential heating emissions were gridded with a resolution of 100 × 100 m. The energy consumption in each domain was acquired from Statistics Sweden (SCB), and gridded using proxy data such as number of appliances (stoves, boilers) per municipality, living space of small houses per km 2 , population density per 100 m 2 , and availability of district heating. Emission factors were applied following (Omstedt et al., 2014) . Road traffic emission factors for traffic exhaust PM from different vehicle types, speeds, and driving conditions were calculated on the basis of the Handbook Emission Factors for Road Transport (HBEFA), version 3.1 (Hausberger et al., 2009) , and black carbon (BC) emission factors were based on a report from (TRANSPHORM, 2013) . For BC emissions a correction was made based on recent empirical findings indicating an underestimation of emission factors under real driving conditions. The correction was based on monitoring in Stockholm and by using NO x as a tracer (Johansson et al., 2009) . More details will be published separately (Krecl et al., Submitted for publication 2017) . Non-exhaust emissions included road wear, and some contributions from brake and tire wear and emission factors were obtained from (Omstedt et al., 2005) . Large industrial sources and energy production facilities were included in the model as point sources, based on information from the Swedish national emission inventory (SMED, 2015) . Shipping emissions were described with a methodology similar to that used by (Jalkanen et al., 2012) . Other emission sources, such as off-road machinery and diffuse emissions related to agriculture, were also based on the Swedish national emission inventory (SMED, 2015) .
We used dispersion models of the Gaussian type together with the semi-empirical model OSPM (Berkowicz et al., 2008) for street canyons, all included in the Airviro model system (Airviro, 2010 (Airviro, , 2015 to simulate averaged PM 10 (< 10 μm), PM 2.5, BC, and NO x levels for the years 1990, 2000, and 2011. The raised concentrations inside street canyons were estimated as the difference of the OSPM model output with and without buildings, for all roads with traffic volumes > 2000 vehicles/day. Exposure to traffic emissions was simulated with a 50 m resolution, while other source contributions were evaluated on a 800 × 800 m grid. The simulations were performed with hourly meteorological data for the years 1990, 2000, and 2011. For the years in between, simulated concentrations were linearly interpolated and then corrected with a ventilation factor for each year based on hourly meteorological data. The long-range annual average contributions of PM 10 , PM 2.5 , and NO x from sources outside the modeling domains were determined indirectly, as the difference between total measured concentrations at one measurement station inside the modeling domain and the simulated local contribution at the same location. PM 2.5 levels for the first decade, when no measurement data were available, were determined by assuming a linear decrease of the ratio PM 2.5 /PM 10 from 0.75 at year 1990 to 0.66 at year 2000. For the long-range BC concentrations, we used data from one coastal station south of Gothenburg and another in Southern Norway, since there are few measurements available from this period. The spatial exposure distribution is illustrated in Fig. 1 , showing the exposure to PM 10 in 1990 in Gothenburg, where most participants lived, as well as the addresses of the participants of both cohorts. Fig. 2a shows the PM 10 exposure in the entire study area in 1990, and Fig. 2b -c the spatial distribution of PM from residential heating and road traffic in 1990.
Statistical methods
We estimated the associations between annual PM and NO x exposures and incident outcomes using Cox proportional hazards models. The main analyses were performed using three different exposure time windows: i) Exposure in the last year (lag 0), ii) average exposure in the five years preceding the last (lag 1-5), and iii) exposure in the baseline year of the study (1990) . Participants were excluded from the analysis when exposure was missing, and for lag 1-5 we excluded estimates based on less than 80% of the intended data (i.e. missing exposures in certain years). Participants were censored at the first event of the relevant outcome, at death, at the end of the study period, or when exposure information became permanently missing (mainly due to emigration outside the study area). Exposures were treated as continuous variables, and hazard ratios and confidence intervals are presented for fixed increments or inter-quartile ranges to simplify comparisons.
The first selection of covariates and confounders for the main covariate model was based on a priori theoretical assumptions about the relationship between the covariates/confounders and cardiovascular disease. We also took into consideration the correlation between covariates, as well as the association between covariates and exposure. In the main covariate model we adjusted for age (as time scale), smoking class, occupational class (PPS cohort only), marital status, leisure-time physical activity, calendar year, and mean income in the SAMS area. Sex and enrollment year were also included for the GOT-MONICA cohort (for the PPS cohort, these variables were the same for all participants). Second and third degree polynomials were tested to model calendar year, but in the end a linear effect of year was chosen, since higher-degree terms were non-significant in the main models and the development of coronary heart disease incidence was close to linear during the study period (Berg et al., 2014) . In the sensitivity analysis, results for PM 10 and PM 2.5 are also presented for a "crude" model with few confounders and a "full" model including almost all available cardiovascular risk factors (Table S1 ). The reason for not including blood pressure (and hypertensive medication) in the full model was that blood pressure can be considered a mediator of the cardiovascular health effects of air pollution rather than a confounder. Analyses stratified by gender, smoking status, and socioeconomic class were also performed.
For a few combinations of source-specific particulate exposures, two-pollutant models were run to investigate whether one pollutant was more strongly associated with the outcomes. However, the correlation between many of the source-specific exposures was high, indicating a possible collinearity problem (two variables measuring a similar phenomenon). This made it difficult to discriminate which of the exposures had the strongest effect on the health outcome. Prior to fitting a multi-pollutant model, the correlation between particulate exposures was assessed using the Pearson correlation coefficient, and if the correlation was too high, only single-pollutant models were used. The limit for the correlation was set to 0.4, based on results from a simulation study that estimated the power for different study sizes and correlations.
In the Cox proportional hazards model, air pollutants are assumed to have a linear effect on the outcome. We also allowed the effect to be non-linear, using generalized additive models (GAMs) and the mgcv package in version 3.3.2 of R (R Development Core Team, 2015) . A Poisson regression model was fitted, with the effect of exposure represented as smooth functions estimated using penalized regression splines. All other data analyses were performed using version 7.1 of SAS Enterprise Guide (SAS Institute, Cary, NC, USA).
Results
The exposure levels were relatively low and similar in the two cohorts during the study period (Table 2) . Local emission sources accounted for only about one third (by mass) of total PM 10 and PM 2.5 (4.8 of 13 μg/m 3 for PM 10 ), and about half of BC. The largest local emission sources were road traffic and residential heating, while industry and shipping contributed relatively little to total particulate levels. The main part, by mass, of the particles emitted from road traffic comprised road wear particles. There was a slight decrease in long-range transport (LRT) PM 2.5 and in BC and PM from traffic exhaust during the study period. PM from industry decreased by almost 80% (Fig. 3) . However, total levels of PM 10 were somewhat higher in the latter part of the study period, due to an increased contribution from LRT. PM 10 LRT showed a strong year-to-year variation. Exposure to NO x was somewhat higher in the PPS cohort than in the GOT-MONICA cohort, mainly due to a higher proportion of exposure years in the early part of the study period in that cohort and a decreasing time trend in NO x exposure in the study area.
Exposure calculated as population-weighted concentrations for all residents within a 35 × 35 km square centered over Gothenburg was similar to the exposure in the two cohorts, in terms of both time trends and source contributions (Fig. s1) . The associations between the major particulate air pollution exposures and incident diseases, using the main confounder model and different time lags, are shown in Table 3 . For total PM, exposure over the last five years was associated with the incidence of IHD in the PPS cohort (HR: 1.24, 95% CI: 0.98-1.59 per 10 μg/m 3 of PM 10 ; and HR:
1.38, 95% CI: 1.08-1.77 per 5 μg/m 3 of PM 2.5 ). The association with IHD was weaker or non-existent for other time windows of exposure and for BC, as well as for the GOT-MONICA cohort. For incident heart failure, the pattern was similar to that for IHD, with positive associations in lag 1-5 for total PM exposures but weak or no associations in other models (Table 3 ).
In the GOT-MONICA cohort, there were consistent but generally non-significant associations between incident stroke and the main air pollutant exposures in both the last five years and the last year (Table 3) . However, in the PPS cohort the associations between stroke and air pollution were weak.
The associations between air pollutants and IHD and stroke were distinctly more positive among women than men in the GOT-MONICA cohort (Table 4) . Stratified by smoking class, the associations between total PM 10 and PM 2.5 and IHD/stroke were more positive among nonsmokers in most models (Table S2) . Stratified by social class (based on occupation or education), the associations between PM 10 /PM 2.5 and IHD/stroke were steeper among those with higher socioeconomic class in most models (Table S2 ). In the GOT-MONICA cohort, the associations between air pollutants and outcomes were somewhat stronger using a "full" confounder model instead of the main confounder model presented in all other analyses (Table S2 ). Atrial fibrillation did not seem to be positively associated with long-term residential air pollution exposure.
Smooth functions showed near-linear exposure-response curves for the main models in which the associations between PM and outcomes were strongest in the respective cohorts (PM 10 and PM 2.5 and IHD in the PPS cohort, and PM 10 and PM 2.5 and stroke in the GOT-MONICA cohort; Fig. 4 ).
There were no clear associations between exposure to locallyemitted PM 10 and PM 2.5 in the last five years and incident IHD in the PPS cohort (Table S3) , nor was incident IHD strongly associated with any specific type of particulate air pollution in either cohort. The trends towards positive associations between particulate air pollutants and stroke in the GOT-MONICA cohort were also seen for local PM 10 and PM 2.5 , coarse particles (PM 10-2.5 ), and combustion-derived PM. For other source-specific particulate air pollutants and outcomes, the associations were generally weak or null (Table S2 ). Exclusion of street canyon contributions to PM exposures changed the estimates only marginally (data not shown). Total NO x exposure was not strongly associated with any incident diseases, but showed a tendency toward positive associations with stroke in both cohorts. For the last year's exposure, the PPS and GOT-MONICA cohorts showed HRs of 1.06 (95% CI: 0.99-1.13) and 1.10 (95% CI: 0.95-1.17), respectively, while the corresponding figures for lag 1-5 were 1.04 (95% CI: 0.97-1.12) and 1.04 (95% CI: 0.90-1.20), respectively, per 20 μg/m 3 of NO x . Correlations between the different types of particulate air pollution were generally high. Total PM 10 and PM 2.5 were very highly correlated with each other and with BC, and so were traffic-derived PM and BC with road wear PM (R pearson coefficients all > 0.8). Traffic-derived PM was highly correlated with its main component, road wear PM; and combustion-derived PM was correlated with its two main components, traffic exhaust PM and PM from residential heating. PM from road wear and combustion were also correlated. The high spatial correlations are illustrated by the similarities of the exposure maps ( Figs. 1 and 2 ). PM from industrial processes and shipping had a different geographical distribution, with shipping PM mainly close to the harbor and PM from industry mainly in an industrial area in northern Gothenburg. However, the total contributions from these sources to PM exposure in the cohorts were minor (Table 2) . Some particulate pollutants were more weakly correlated, allowing for two-pollutant models to be run. In a two-pollutant model including Fig. 3 . Time trends during the study period for mean exposure in the two cohorts combined: a) Total exposure to PM 10 , PM 2.5 , and NO x , b) exposure to locally-emitted PM 10 , PM 2.5 , and BC, c) exposure to PM 10 from traffic, road wear, and traffic exhaust and d) exposure to PM 10 from combustion, residential heating, and industrial sources. both traffic-derived PM and PM from residential heating. the associations with IHD seemed to be stronger for residential heating (HR: 1.09, 95% CI: 1.00-1.18 for lag 0; and HR: 1.07, 95% CI: 0.97-1.19 for lag 1-5, compared with HR close to 1 in all models for traffic-derived PM).
Discussion
In this cohort study of health effects of particulate air pollution, long-term residential exposure to PM was associated with ischemic heart disease in the PPS cohort (total PM 10 and PM 2.5 in the last five years, Table 3 ), and with stroke in women in the GOT-MONICA cohort (total PM 10 , PM 2.5 and BC in the last five years and in the last year, though not quite significant for both genders in the main models), at the relatively low exposure levels in Gothenburg, Sweden. The associations were near-linear, with no sign of any safe level of exposure, and stronger in women than in men. The health effects could not be attributed to any specific type or source of exposure.
The cohorts differed in that the PPS cohort consisted only of men and the GOT-MONICA cohort of both men and women. When stratifying by gender, we found positive associations between air pollutants and stroke as well as IHD in women but not in men in the GOT-MONICA cohort (Table 4) . Stronger associations between long-term exposure to air pollutants and cardiovascular health outcomes in women have been reported in several previous studies (Chen et al., 2005; Kan et al., 2008; Kunzli et al., 2005; Hong et al., 2002; Zhang et al., 2011; Puett et al., 2008 Puett et al., , 2011 , but many others reported no gender differences, and some found stronger effects in men (Abbey et al., 1999; Cesaroni G et al., 2013; Gan et al., 2011; Beelen et al., 2014a) . Some studies of short-term effects of PM have also found stronger effects on biomarkers in women than men (Sorensen et al., 2003; Peters et al., 1997) . A gender difference in sensitivity to air pollution has been discussed (Brook et al., 2010) . Some reasons may be smaller airways in women than men, greater lung deposition of particles in women (Kim and Hu, 1998) , or a stronger effect of air pollution on blood viscosity in women due to lower erythrocyte levels (Sorensen et al., 2003) . Another possible explanation could be more exposure misclassification in men, due to more residual confounding such as occupational exposure to dust and fumes. A higher sensitivity to air pollution in women could explain why we observed a positive association with stroke only in the GOT-MONICA cohort, but not the stronger association between air pollution and IHD in the PPS cohort. There were only minor sex differences in background factors (e. g. slightly higher blood pressure among men), and no sex differences in exposure.
Further stratified analyses also showed that the associations Table 4 Hazard ratios (with 95% confidence intervals) for the associations between PM air pollution and IHD and stroke stratified by gender in the GOT-MONICA cohort, using the main confounder model. Hazard ratios and CIs in bold are statistically significant (p < 0.05), and those in italics are close to significant (p < 0.1). Hazard ratios and CIs in bold are statistically significant (p < 0.05), and those in italics are close to significant (p < 0.1).
between PM and stroke in the GOT-MONICA cohort tended to be stronger among non-smokers and higher socioeconomic classes (Table  S2) , and the associations between PM and IHD in the PPS cohort among non-smokers and higher socioeconomic classes. Taken together with the stronger associations for women, this indicates higher sensitivity to PM air pollution in those with lower absolute risks of cardiovascular disease, meaning that reductions in air pollution would have greater effects in healthier populations. It seems biologically plausible that the added risk of cardiovascular disease from a certain dose such as 5 or 10 μg/m 3 of PM air pollution changes the risk less among smokers, who already expose themselves to radically higher doses of particles. The dose-response relationship between fine PM and cardiovascular mortality has also been shown to be steeper at lower exposure levels compared with higher (Pope et al., 2009 ). There may also be more residual confounding, such as occupational exposure, in the lower socioeconomic classes. However, the associations were not more positive for the groups with lower risks of cardiovascular diseases in all models (Table S2) , and several studies have reported more positive associations between air pollution and cardiovascular disease among smokers and those with lower socioeconomic status (Brook et al., 2010) . One goal of this study was to analyze and compare the health effects of particulate air pollution from different sources. There are few longterm studies of cardiovascular health effects of source-specific PM, but the evidence so far is suggestive of greater effects of PM from combustion of fossil fuels (Thurston et al., 2016; Brook et al., 2010) . In this study, we found little evidence that the cardiovascular health effects were caused by any specific source or type of air pollution. Residential heating PM showed positive associations with IHD in most models, some of them significant or borderline significant (HR: 1.09, 95% CI: 1.00-1.18 per IQR for lag 0 in the PPS cohort, and similar estimates in lag 1-5 (Table S2) as well as in multi-pollutant models with trafficderived PM). Traffic and residential heating were the two dominant local sources of both PM and BC. The geographical distribution of residential heating sources was more uncertain compared to the traffic sources, motivating the difference in spatial resolution for the exposure simulations (50 m for traffic and 800 m for residential heating). This difference was important when analyzing the local source-specific contributions separately, as it meant the exposure contributions from traffic showed much more detailed spatial gradients than those from residential heating. The local contributions of particles from residential heating and traffic did not change much over time, and neither did the spatial gradients.
The effects of PM from local sources did not generally show stronger associations than the effects of total PM. Indeed, for IHD in the PPS cohort, the associations were weaker for locally-derived PM than for total PM. Separate estimates for LRT PM are not presented, since the spatial resolution was limited (all participants had the same value for any given year) and the estimate was somewhat uncertain (see below). It should be considered, however, that the larger temporal variations in the uniformly applied LRT might outweigh the smaller spatial gradients in local contributions, in the determinations of HRs. The high spatial correlations between the different types of PM as well as between PM and NO x made it difficult to separate the effects of different pollutants by comparing estimates of single-pollutant models, and limited the feasibility of constructing multi-pollutant models. Local PM and NO x emissions were dominated by a few emission sources, such as road traffic and residential heating, both of which are related to population density. Road traffic was a major emission source for both fine and coarse PM. There were two minor emission sources with clearly divergent spatial distributions, PM from shipping and from industry, but we chose not to analyze these separately since their total contributions were very small (Table 2) and only a small fraction of the participants were exposed (shipping along the shoreline, and industry in one area in the northern part of the city).
During the study period, PM from industry, traffic exhaust, BC, and NO x decreased substantially, mainly due to technical improvements in Fig. 4 . Estimated exposure-response curves (solid lines) with 95% confidence intervals (dashed lines) for selected exposures and outcomes: a) IHD incidence and PM 10 lag 1-5 in the PPS cohort, b) IHD incidence and PM 2.5 lag 1-5 in the PPS cohort, c) stroke incidence and PM 10 lag 1-5 in the GOT-MONICA cohort, and d) stroke incidence and PM 2.5 lag 1-5 in the GOT-MONICA cohort. The models all used the main confounder model and were allowed any number of knots. combustion engines. However, total PM 10 levels and coarse PM were higher in the latter years due to higher levels of long-range transported particles and because local traffic volumes increased, leading to more wear particle emissions. The trends in LRT PM 10 and coarse PM arose from measured PM 10 levels and the indirect determination of the LRT contribution as the difference between the measured urban background concentration and the simulated impact of local sources at the monitoring station. Corresponding determination of the LRT PM 2.5 trend was less certain, since there are no complete PM 2.5 measurements for the early part of the study period.
The exposure levels in this study were generally below the current annual limit values for PM 2.5 in both the EU and the US (25 and 12 μg/ m 3 , respectively, compared with the 12 μg/m 3 that was the 95% exposure percentile in the two cohorts during the study period). Despite this, we found associations between air pollutants and cardiovascular disease. Analyses of the exposure-response relationship with smooth functions also showed near-linear relationships between air pollution and outcomes, with no sign of a "safe level" of exposure, concurrent with previous findings (Cesaroni G et al., 2013; Raaschou-Nielsen et al., 2012; Beelen et al., 2014a; Stockfelt et al., 2015) . Improvements in air quality should thus yield substantial health benefits even when the levels are already low. This should be taken into consideration in policy decisions, and in our opinion motivates stricter limit values.
The associations between air pollutants and cardiovascular outcomes were generally stronger for the exposure time window using mean exposure from the last five years (lag 1-5) compared with the last year of exposure (lag 0) or the exposure at study start (1990) (Table 3) . Consequently, we primarily show the results for lag 1-5 in the subsequent analyses (Tables S1-S3 ). This finding that the strongest effect was for exposure in the last couple of years is consistent with the literature (Brook et al., 2010; Pope, 2007) . We interpret the greater effect sizes for the last five years compared to the last year as evidence for the effects of air pollution on the long-term progression of atherosclerosis. While there are also cumulative short-term effects of air pollution on thrombosis, endothelial function, and plaque instability, the observed associations cannot be explained by the short-term effects of daily peaks in air pollution in those with pre-existing conditions, since we investigated yearly exposure and first cardiovascular events. Moreover, we collected addresses only once per year, and so a moving five-year average may have been less sensitive than the last exposure year to exposure misclassification caused by participants moving at different times during the year. In apparent contrast with these findings, a previous study of the long-term effects of NO x in Gothenburg showed that effects on mortality of the last year of NO x exposure were as strong as, or stronger than, the effects of longer time windows of exposure (Stockfelt et al., 2015) . However, most associations between NO x exposure and incident cardiovascular diseases in the current study were very weak, consistent with the lack of associations between NO x exposure and incident myocardial infarction in the previous study. For incident stroke, where we observed a tendency towards an association with NO x exposure, the association seemed stronger for the last year of exposure compared with the five-year mean. For the main pollutants, we also investigated an exposure time window of a moving average of 6-10 years preceding an event (lag 6-10), to separate the chronic effects of air pollution from shorter-term and reversible effects. The associations were generally weak (data not shown), and the power to detect associations decreased substantially due to fewer available exposure years and cases.
Exposure at study start in 1990 was used in some of the models (Table 3) to enable comparisons with other air pollution studies using a single year or a few years of exposure. The associations were generally somewhat weaker than for exposure in the last year or in the last five years, as expected. The exposure in 1990 is less likely to represent the participants' real exposure during the study period than a moving average of a more recent time period, resulting in a non-differential misclassification of exposure biasing the estimate towards the null.
However, exposure in a single year (e.g. 1990) was correlated with the other exposure time windows, since the spatial exposure patterns are relatively constant over time and only a fraction of participants move each year.
The associations between air pollutants and stroke in the GOT-MONICA cohort were somewhat stronger in a full confounder model including all cardiovascular risk factors (except for blood pressure, which we considered a mediator of the cardiovascular health effects of air pollution) than in our main confounder model (Table S1 ). This pattern was repeated for other lags and source-specific pollutants, and was mainly due to the inclusion of the covariate "psychological stress". This could be a sign of residual confounding in our main model, leading to falsely low estimates compared to a more complete covariate model. However, we decided to present results for the main covariate model chosen a priori.
The effect sizes of the associations found between PM 2.5 and IHD in the PPS cohort (HR: 1.38, 95% CI: 1.08-1.77 per 5 μg/m 3 , for lag 1-5) and between PM 2.5 and stroke in the GOT-MONICA cohort (HR: 1.50, 95% CI: 0.90-2.51 per 5 μg/m 3 , for lag 1-5) are relatively high compared with the findings of other long-term studies of cardiovascular morbidity of air pollution. Miller et al. (2007) found hazard ratios of 1.21 (95% CI: 1.04-1.42) for incident coronary heart disease, and 1.35 (95% CI: 1.08-1.68) for cerebrovascular events, per 10 μg/m 3 of PM 2.5 .
The Nurses' Health Study reported hazard ratios for first coronary heart disease event of 1.11 (95% CI: 0.79-1.55) per 10 μg/m 3 of PM 2.5 and 1.10 (95% CI: 0.94-1.29) per 10 μg/m 3 of PM 10 , as well as somewhat higher estimates for fatal CHD (Puett et al., 2008) . In the ESCAPE study, the hazard ratio for coronary events was 1.13 (95% CI: 0.98-1.30) per 5 μg/m 3 of PM 2.5 and 1.12 (95% CI: 1.01-1.25) per 10 μg/m 3 of PM 10 (Cesaroni et al., 2014) . A few studies have also found null or weak associations between long-term exposure to PM and incident myocardial infarction (Lipsett et al., 2011; Atkinson et al., 2013) . However, exposure time windows and modeling vary considerably between these studies. While the total number of person-years was somewhat higher in the GOT-MONICA cohort (86,811 exposure-years vs. 62,350 in the PPS cohort for lag 0, with slightly lower numbers in the models due to missing covariates, and lower numbers for the longer exposure lags), the statistical power to detect effects on outcomes was higher in the PPS cohort due to a higher number of cases. We estimate that the power was adequate to detect associations between air pollutants and the more common outcomes (IHD, stroke, AF, and HF in the PPS cohort) but borderline insufficient for HF in the GOT-MONICA cohort. The associations with air pollution were similar for IHD and HF in most models. This is as expected, since ischemic heart disease often precedes and is a cause of heart failure, and these models to some extent describe the same pathophysiological processes.
This study does have some limitations, such as limited power for some outcomes and limited power for source-specific analyses, the exclusively male population in the PPS cohort, and the fact that covariates were only collected at the baseline examination. Power limitations should especially be considered when interpreting the results for subgroup analyses (e.g. Table S2 ). Moreover, while the resolution of the exposure modeling was high, we used residential outdoor exposure as a proxy for personal exposure dose and could not control for differences in indoor infiltration rates, time spent at home, or occupational exposure, which is likely to have led to non-differential exposure misclassification. Dispersion models also do not take short extreme air pollution events such as forest fires into account. Individual exposure modeling of residential noise could also have contributed to the analysis, since noise is correlated with traffic-generated air pollutants and is increasingly recognized as a cardiovascular risk factor in itself. Another issue that we consider a limitation is the differences in results between the cohorts.
Some strengths of this study are that it was a prospective cohort study conducted over a long time period, with individual confounder information collected by trained medical professionals. We could assign individual yearly exposures, reducing possible misclassifications from extrapolation. Exposure time windows before outcomes are biologically more relevant than exposure from an index year. The issue with simultaneous decreasing time trends in exposure and cardiovascular disease discussed by Stockfelt et al. (2015) was less problematic in this study, since most pollutants did not decrease substantially during the study period and the time trends differed between pollutants. The age of the participants and the length of the study allowed us to follow the cohort during the times in which most outcomes occurred. Outcomes were collected from registries of relatively high quality. Studies with source-specific PM exposures are rare, and important in determining which components of air pollution are most harmful.
Conclusions
In this long-term prospective cohort study of incident cardiovascular disease and air pollution, we found associations between the main PM air pollutants and IHD and stroke in Gothenburg, Sweden, at exposure levels below current guidelines. The associations were nearlinear, stronger for women than for men, stronger for non-smokers compared with smokers, and stronger for higher socioeconomic classes compared with lower. A moving average of the last five years of exposure showed the strongest association with outcomes. The associations could not be attributed to a specific PM source or type. The results of this study confirm that further efforts to reduce air pollution exposure should be undertaken in Sweden to reduce the negative health effects in the general population.
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